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ABSTRACT This study combines extension theory and chaos theory to create a three-level T-type inverter
fault diagnosis system that uses single-phase line voltage signals. First, the three-level T-type inverter single-
phase line voltage output waveform was measured when faults occurred separately in 12 power transistors.
Subsequently, the Lorenz master—slave dynamic error transformation was used to obtain the chaos eye
coordinates, which functioned as fault characteristics. Fault diagnosis involved extension theory—based
fault categorization. Specifically, fault characteristic values were adopted as the input signal to determine
the correlation between chaos eyes coordinates and transistor fault, thereby locating faulty transistors.
In summary, this study established a low-cost and fast-operating inverter fault diagnosis system. The system
integrates detection results with inverter fault-tolerant control to enable the constant operation of inverters
in power generation without derating, thereby greatly enhancing system reliability. Finally, the reliability of

the smart fault diagnosis system and fault-tolerant control was verified through measurement results.

INDEX TERMS Chaos theory, extension theory, fault diagnosis, fault-tolerant control, T-type inverter.

I. INTRODUCTION

The current growth of the renewable energy and electric
vehicle industries—particularly in relation to grid-connected
photovoltaic systems, power factor correction devices, and
electric vehicle engines—has led to greater attention being
paid to low withstand voltage, high efficiency power invert-
ers; such growth has resulted in fruitful developments in
multilevel inverter technology [1]-[5]. Multilevel inverters
are primarily applied in high-power environments. However,
because these inverters require a large number of power
transistors, fault detection for these transistors is difficult.
To increase equipment reliability and maintain the contin-
ual operation of the inverter’s power transistor components
during the occurrence of a fault, scholars around the globe
have improved upon the fault detection mechanisms [6]-[15]
and fault-tolerant control functions [16]-[19], [19]-[26] of
multilevel inverters.

Current fault detection and diagnosis technologies include
model-based methods, expert systems, and machine learn-
ing. Despite being viable, model-base methods [6]-[8] ref-
erence the values of the snubber capacitance and balance
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resistor, both of which are difficult to obtain. Furthermore,
model-based methods are limited by its presence of para-
sitic elements, the functioning of which necessitates certain
assumptions and limitations. Alternatively, although expert
systems can repair relevant systems, they are costly because
the construction of a comprehensive diagnosis system, prior
to operation, require experts [9], [10]. Another method is
neural networks, the most popular machine learning tech-
nique [11] that imitates the human brain. Neural networks
can easily update data models through backpropagation and,
through the use of its hidden layers, are less reliant on feature
engineering. However, machine learning has longer operation
times because the processing of huge learning datasets is
required before accurate decisions can be made [12]-[15].
Although current fault-tolerant control methods [16]—[22]
allow for continued operation after the occurrence of faults,
operation occurs under derating conditions. Therefore, these
current methods are unsuitable for some fault conditions.
A study [23] only discussed the fault tolerance in neutral point
switches but did not mention how three-level T-type inverters
should operate when faults occur in the upper and lower arms.
Other studies [24], [19] that discussed the fault tolerance of
three-level T-type inverters after the occurrence of upper and
lower arm faults determined that during fault tolerance, the

44075


https://orcid.org/0000-0003-2440-4977
https://orcid.org/0000-0003-0686-5825

IEEE Access

K.-H. Chao et al.: Three-Level T-Type Inverter Fault Diagnosis and Tolerant Control Using Single-Phase Line Voltage

inverter must operate under derating conditions and output
two-level voltage waveforms, thus increasing the total har-
monic distortion [25]. Therefore, system fault diagnosis and
tolerance require further development.

The author of this study has investigated fault diagno-
sis and tolerant control in three-level T-type inverters [26].
However, this previous study was limited by difficulties
from the complex computation and fault diagnosis processes.
These processes required the extraction (and application) of
values from the three-phase voltage lines using the Lorenz
master—slave dynamic error transformation, which rendered
the study unable to distinguish fault conditions between the
12 switches. Additionally, the fault detection and diagnosis
mechanism developed in that study could only perform fault-
tolerant control for faults occurring in the upper and lower
arms. Therefore, this study proposed a new fault diagnosis
and tolerant control system that remedies the aforementioned
problems.

This study first extracted the voltage waveform data
during occurrences of a power transistor fault and con-
ducted master—slave chaotic dynamic error transformation
on the extracted data to obtain the chaos eyes for each
fault switch. Subsequently, the characteristics of the chaos
eye coordinates are employed in extension theory for fault
diagnosis and for detecting the locations of faulty power
transistors. Figure 1 displays the system framework.

Three-level T-type inverter
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Fault-tolerant Inverter fault diagnosis
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FIGURE 1. Fault diagnosis system framework of three-level T-type
inverter.

Il. FAULT CHARACTERISTICS OF THE THREE-LEVEL
T-TYPE INVERTER

Figure 2 displays the three-level T-type inverter framework.
Inverter faults are distinguished into short circuit and open
switch faults [27]. Short circuit faults primarily occur during
conditions of drive signal errors, overvoltage, or overheating.
These conditions cause switch components to be pierced
through. Short circuits rapidly generate a large electrical
current, severely damaging the circuit. Therefore, hardware
methods were adopted to detect faults and conduct fault
tolerance [28]. By comparison, open circuit faults gener-
ally occur when no triggering signal is given or when the
switch drive circuit malfunctions; such faults prevent the
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FIGURE 3. Experimental hardware circuits of the three-level T-type
inverter.

switch from activating and transmitting the current. Although
short-duration open circuit faults do not cause severe dam-
age, output voltage quality is degraded and circuit distor-
tion is produced, thereby causing potential faults in other
components [29].

Figure 3 displays the three-level T-type inverter used in this
study. To provide stable DC power, the input end included 10
680 uF/400 V electrolytic capacitors, which were connected
in two serial-connected parallel power circuits, each of which
comprised five capacitators. Subsequently, 12 insulated gate
bipolar transistors (IGBTs) were adopted to compose a
T-type inverter framework. To filter out the high-frequency
signal output of the inverter and convert the output into low-
frequency sine waves, the three-level T-type inverter used
a two-level low-pass filter for wave filtration. The filter
capacitor, inductor, and effective output voltage values were
10 uF/250 V, 1.6 mH/16 A, and 220 V, respectively. This
study analyzed the power output for each switch fault
instance. Through analysis and observation, this study deter-
mined that under regular operation, the inverter output wave-
form is a balanced three-phase current.

For instance, Figure 4 displays the output line voltage
waveform when the inverter work frequency was 60 Hz and
no power transistor faults have occurred. The figure illustrates
the equal size and shape of the voltage waves, together with
the 120° phase angle difference between each wave, thereby
demonstrating the general characteristics of the three-phase
balance. These characteristics may change if faults occur in
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FIGURE 4. Output line voltage waveforms vgp, vp, and vcq when the
inverter work frequency was 60 Hz under standard operation.

any of the switches. Figure 5(a) reveals that if a fault occurs
in inverter switch S:l, the a phase output voltage waveform,
vab, becomes distorted. Figure 5(b) and 5(c) reveal that if a
fault occurs in switches S ;‘2 orS,;, the line voltage waveform
vpe becomes distorted. Figure 5(d) reveals that relative to the
waveform during regular operation conditions, the detected ¢
phase line voltage waveform, v.,, was significantly different

during fault occurrences in switch S .

Ill. CHAOS THEORY AND EXTENSION THEORY

A. DYNAMIC ERRORS IN MASTER-SLAVE CHAOS
SYNCHRONIZATION

Pecora and Carrol (1990) proposed the concept of synchro-
nization in chaotic system theory [30]. Generally, if two or
more chaotic systems are situated in the same time frame,
their motion trajectories will be identical. The synchronized
chaotic system comprises a master system and slave system,
which is described in (1) and (2), respectively. However, if the
default value settings of the master and slave systems are
different, the two systems’ trajectories will differ. This study
included a controller in the slave system to configure the
slave system into tracking the master system; such tracking
can then be used to synchronize the trajectories of the two
systems. This tracking system is termed the chaotic synchro-
nization system.

).Cl =f1(x1’x2’ o 7xn)
Xy = folx1, X2, .., Xn)

Smaster = . (1)
xn =fﬂ(x1 k] x27 ceey 'xl’l)

5)1 =f1(y1,y2, »)’n)
V2 =HL01Y2, -, ¥n)
. )

Sslave =

Y =JaO1, Y2, -+ o5 Yn)
where f;,(x1, X2, . . ., X,) are nonlinear equations.
The method of chaotic synchronization employed in this
study, which uses the dynamic error between the master
and slave systems, was similar to that used in a previ-
ous study [31]. Therefore, instead of using the controller
in the master—slave synchronization system, this study sub-
tracted (1) from (2) to generate the dynamic error equation
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in (3). This dynamic error equation can be used to establish a
characteristic equation in (4).

€1 =y —x1
€y =y2 — X2

) 3)
€n =Yn —Xn
él :fl(ylf Y2, ... 7yn) _fl(x17x27 ce. »xn)
e =HO1 Y20 - yn) — (1, X2, . Xn)

: )
en =fn,y2, .. yn) —fulx, x2, 00 X,)

If systems with different parameters are coupled together
without the controller, errors may occur in the coupled sys-
tem. Therefore, this study employed two similar Lorenz sys-
tems [32], Lyaster and Lgj,ye, Which are described in (5) and
(6), respectively.

X = alx —x1)

Lipaster = § X2 = Bx1 — x1x3 —x2 4)
X3 = X1X2 — VX3
yi=al2—y1)

Lgiave = 5’2 = :Byl —Y1y3 — )2 (6)
V3 =Y1y2 — V)3

The baseline and testing values were input into the master
and slave systems, respectively. «, B, and y are adjustable
parameters and were set to be « = 10, 8 = 28, and y = 8§/3
for both systems. The dynamic error equation can be acquired
by subtracting (5) with (6); its matrix is presented in (7).

3] —o o 0 el
el=1 B -1 0 e
e3 0 0 -y e3
0
+ | —yiy3 +  x1x3 (7)
yiy2 - XX

where ey =y —x1,e2 =y2 —x2,€3 =y3 — X3.

The values for ¢, >, and e3 can be obtained from the afore-
mentioned Lorenz master—slave system. This study adopted
e1 and ej to generate a dynamic error trajectory map, which
is displayed in Figure 6. The chaos eyes were established as
the two centers of gravity in the trajectory map, with their
coordinates serving as the characteristic value for the inverter
diagnosis.

After the line voltage was input into the Lorenz master—
slave dynamic error system, two chaotic trajectories—
one under regular operating conditions and the other
when a fault occurred in switch S:l—were obtained
(Figures 7 and 8, respectively). The chaos eye coordinates
in Figures 7(a) and 8(a) are [C;: (—1.8170, —2.2083);
Cy: (1.8240, —3.1845)] and [Cjy: (—1.2392, —2.3343);
Cy: (1.4652, —12.4135)], respectively, indicating that the
y-coordinate values of the chaos eyes of the voltage wave-
forms v, exhibited considerable differences before and after
fault occurrence. These differences may have been caused by

44077



IEEE Access

K.-H. Chao et al.: Three-Level T-Type Inverter Fault Diagnosis and Tolerant Control Using Single-Phase Line Voltage

V) Hv Hv. B

400V

300V

200V 1Y N/ y ' / \ i

\ / / \ / /

100V \ / ) \ / ~ /
\ / \ LN I

oV 7 7 T i T
T A \ Vi ) \ \ /

-100V \/ i { / 7 \7 Vi

1 / X ( f X A

200V 7 / \ / .
/
300V
-400V
0 5 10 15 20 25 30 35 40|
Time(ms)
(@)
V) Hyv, By, @
400V
300V
/ \
200V \ g
A ) A \ ), A X )
1 f § i AR |
oV / / / ' /
A\ 1 f \ /
ov V" / { 7 i ¥ y,

\ \ / / \ \

\ / \ i\ / ¥
100V i v v \

1 ) X 1 ) {
200V ‘f i/ \ N \ {
-300V
-400V

0 5 10 15 20 25 30 35 40|
Time(ms)
(c)

V) Hv, Hy, By,
400V
. e
s s I 1! ),
300V y N / Iy
7 \ S \ 7 |
! J \ fa
200y / ¥ Y Y ¥ \ \
\ / ,“\ \ / fi \ /
100V \ / I\ 3 / I\ /
\ / Iy \ / [\ \ /
\ [ \ ! JIA \ /
oV o ~ Vi A v
\ / \ N/ | AW
5 R i 7
-100V v y 7 7 N y
/ P 3 \ /
200V \ 7/ \ X i Vi
300V
-400V
0 5 10 15 20 25 30 35 40)
Time(ms)
V) Hv, By, @
400V
300V \ Py 7
/ \,
, / \ 7 )
200v [ 7 1 \ / \ ¥ 7
A / \ A / \ / X /
100V \ / X \ / X ]
oV Y \ { \ ]
\ / \ /" \
-100V pi: . v/ = N 7
A ) | ' \ A
2200V ) / /N ,
-300V
-400V
0 5 10 15 20 2 30 35 40)
Time(ms)

FIGURE 5. Output line voltage waveforms when the inverter work frequency was 60 Hz and the faults occur at the following switches: (a) 5:1 .
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FIGURE 6. Chaos eyes and chaotic trajectory.

faults occurring in switch S;l. This study adopted the voltage
waveform values under similar operation frequencies as the
fault diagnosis input value. After the conversion of the chaotic
synchronization system, the chaos eye coordinates C; and
C, were used as fault characteristics. However, the chaos
eye coordinates of the v, voltage waveform will differ if
a fault occurs in other transistors. Furthermore, chaos eye
coordinates, being situated in a range, are not stabilized.
Therefore, extension theory is required for fault diagnosis to
confirm which switch is at fault.

B. EXTENSION THEORY

Extension theory was first proposed by a Chinese scholar,
Professor Tsai Wen, in 1983. The theory analyzes the exten-
sionality of objects and adopts a qualitative and quantita-
tive approach to investigate and resolve dilemmas between
objects. Matter-element theory and extension mathematics
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are the two pillars of extension theory. Matter-element the-
ory describes the extensionality and transformation charac-
teristics of matter elements, whereas extension mathematics
uses extension sets and correlation functions as algorithm
cores [17]. Extension theory expresses matter object infor-
mation in the form of matter-element models and employs
matter-element transformations to express the conversion
relationship between object quantity and object quality. Cor-
relation functions are then adopted to clearly determine the
degree of influence exerted by qualitative and quantitative
characteristics.

1) CONCEPT OF EXTENSION THEORY

Extension theory solves problems by representing objects
with matter-element models. Equation (8) displays the
numeric function of the matter-element model.

R=WN,C,V) (3)

In the equation, R represents the basic element of the
object, also known as the matter element. The three elements
constituting the matter element, N, C, and V, represent
the object’s name, characteristics, and characteristic value,
respectively. Extension theory states that if the matter-
element characteristic is not a single variable, the char-
acteristics should be represented by x characteristics and
x corresponding characteristic values. In this instance,
the characteristics and characteristic values should be rep-
resented in the vector forms C = [ci, ¢, ..., ¢x] and
V = [vi, v, ..., V], respectively. Therefore, the extension
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matter-element function in (8) can be rewritten as (9).

Rl N, Cl, Vi
R c, W

R=| . | = . €))
R, Cx, Vx

If the characteristic value is within a range, that range is
termed the classical domain and is included in the neighbor-
hood domain. If the domains Fyp =< a, b >, F=<d, e >,
Fo € F, and f represent any point in domain F, the corre-
sponding matter elements in Fy =< a, b > can be represented
as (10).

Ry = (Fo, Ci, Vi)

Fo, 1, <ap, b >
c2, < az,bz >
= ) . (10
Cy, < dy, by >

where C; is the characteristics of Fy and V; is the character-
istic value of C; (i.e., the classical domain). Equation (11)
displays the matter elements of object F', namely Rr.

Br = (F.C.Y)

F, ¢, <d, e >
c, <dy, e >

= ) ) (11)
Ce, <dy, ex>
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where C; and V; are the characteristics and characteristic
values of F, respectively. Therefore, V; represents the neigh-
borhood domain.

2) DISTANCE AND LOCATION VALUES
Classical mathematics focuses on the distance between two
points. By contrast, extension theory computes the distance
between one point within the real field and the domain, which
is expressed as a function and written in (12).

_ Va + vp _ (12)

¢(f,Fo)=P 5 5

In addition to analyzing the relationship between points
and domains, an analysis of the relationship between points
and that between domains is crucial. Let Fyp =< v,, vp > and
F =< v4, v, > be two domains in the real field between the
domains Fy and F. Therefore, the distance value from point
f to the domains Fj and F is

O, F)—o(f, Fo), [ ¢Fo

DY Fo. ) =1 71 fen

Vb — Va

3) CORRELATION FUNCTION
The correlation function, presented in (14), is the division
between the distance and location values.
o(f, Fo)
Kf)=——=
D(f, Fo, F)
The correlation function attains its maximum value when
the elementary correlation function f = [v, + vp]/2

(14)
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is satisfied, as illustrated in Figure 9. When K(f) < —1,
K({) > 0,and —1 < K(f) < 0, point f is not in domain
F, in domain Fy, and in the extension field, respectively.

IV. EXTENSION THEORY-BASED INVERTER

FAULT DIAGNOSIS

A. FAULT DIAGNOSIS METHOD

The proposed fault diagnosis method first employs chaos
theory to acquire the dynamic error trajectory of the line
voltage waveforms. The Lorenz dynamical system equations
are then used to extract the chaos eye values, which serve
as the characteristic values. Finally, extension theory is used
to classify the fault incident into fault types and determine
whether faults have occurred in the three-level inverter. The
extension theory—based fault diagnosis process is as follows.

Step 1: To establish the matter-element model, chaos eye
coordinates (C1 and C3) located on the voltage chaos
trajectory maps of each transistor failure scenario
are used as characteristics.

Fo C1 <x1,y1 >
Re=(rev) =" @ T

e=1,2,...,13 (15)

Step 2: The chaos eye coordinates of the faulty transistor
to be determined, namely C; and C3, are entered as
inputs. The matter-element model is as follows.

_ Frew C1 Vhowl
new—[ e vnewz] (16)

Step 3: The characteristics (C; and C,) and the correspond-
ing weights (W1, W», W3, and Wy) are determined.
These weights represent the importance of each
characteristic. In this study, W; = W3 = 0.15 and
Wy, = Wy = 0.35.

Step 4: The degree of correlation between the fault charac-
teristics and each fault category is computed.

2
he =Y WKy g=12...13 (17
j=1
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TABLE 1. Codes for fault types.

Fault state Type
Fault did not occur Fo
Fault occurred in switch S,;* Fi
Fault occurred in switch S,;~ F>
Fault occurred in switch Sa>* F;
Fault occurred in switch S,>~ F4
Fault occurred in switch Sp;* Fs
Fault occurred in switch Sp;~ Fe
Fault occurred in switch Sp,* F7
Fault occurred in switch Sp,~ Fg
Fault occurred in switch S;;* Fo
Fault occurred in switch S;;~ Fio
Fault occurred in switch S.>* Fu
Fault occurred in switch S;>~ Fi2

Step 5: After the computation, characteristics are assigned
(as belonging) to the fault category it has the largest
correlation value with. In doing so, these fault char-
acteristic can be used to determine which transistor
is faulty.

To identify the faulty power transistor, the fault categories
were divided into the following 12 switch fault states: S;rl,
S Sh. 8o, St Sy S Spye SH. S, SE, and S
After including the state in which no switch faults occurred,
the 13 fault categories are displayed in Table 1.

To increase diagnostic efficiency, this study established
13 fault conditions, which differ by the single-phase line
voltage in the extension matter-element models. Diagnosis
speed is increased because the system only has to consider the
single-phase line voltage. This study adopted v, as the fault
diagnosis signal and constructed a new type of fault diagno-
sis system. The system fault diagnosis process is displayed
in Figure 10.

B. FAULT DIAGNOSIS RESULTS

Figures 11 and 12 display the measured chaos trajectory
maps of v, during regular system operation and when
faults occurred in the 12 switches, respectively. This study
exclusively used the chaos trajectory maps of v, as the
reference for fault diagnosis. Upon obtaining the chaos tra-
jectory maps, the chaos eyes were then used as fault diagnosis
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FIGURE 10. Fault diagnosis process involving only the single-phase line
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TABLE 2. Measured chaos eye characteristic values of v, when the
inverter operated at 60 Hz.

Characteristic values of the v, chaos eyes

Fault Category

C; (x-axis) C; (y-axis) C(x-axis) C(y-axis)
Fo -1.8308  1.9935 1.9673  -4.5685
Fi -1.2227  -3.4996  1.4417 -11.4781
F> -1.363  -6.7133  1.1404 -10.7648
F3 -1.1765  8.9421 1.2862  4.8655
F4 -1.4381 10.2815  1.1928  2.2773
Fs -1.2729  6.1066 1.8293  4.7317
Fs -1.5539  10.3856  1.6251 3.8971
F; -1.6578  -5.3968  1.5543  -13.3752
Fg -1.8461 -6.6006  1.2712  -7.4623
Fo -2.1751  3.9242 1.674  -4.9344
Fio -1.4959  2.0018  2.0737  -4.4605
Fu -2.1033  2.9209 1.4255  -3.6922
Fi -1.7095 24033  2.1019 -5.1572

characteristics. The chaos eye coordinates of each fault con-
dition are listed in Table 2.

After the chaos eye coordinates were input into the
fault diagnosis system, the diagnosis results were obtained
in Table 3. The third testing dataset in Table 3 was extracted
from the occurrence of a fault in the S ; switch (fault type
F,). After the fault was recognized by the fault diagnosis
system, the fault data were determined to be most highly
correlated, among the 13 fault types, with fault type F (corre-
lation degree = 0.90314). Therefore, the system recognized
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FIGURE 11. Measured chaos trajectory maps of v, under normal
operation.

the fault as an F, fault, and by referencing Table 1, it was
revealed that the fault occurred in switch S ;. The correla-
tion degree in Table 3 indicate that all fault diagnoses for
each dataset were accurately distinguished. Furthermore, this
study included a 5% deviation into the testing samples.
The results, displayed in Table 4, revealed that the system
correctly recognized fault conditions and fault types even
after this deviation was included in the testing information.
In summary, this study’s proposed a fault diagnosis system
only requires the extraction of single-phase line voltage data,
thereby increasing diagnostic accuracy and efficiency.

The proposed chaos theory— and extension theory—based
inverter fault diagnosis system can identify the location of
faulty power transistors in three-level T-type inverters. Fur-
thermore, the system has fault tolerance functions, thereby
reducing the influence of noise signals, and does not require
a learning process.

The measurement results reveal that the proposed diag-
nosis method can correctly diagnose fault types despite
noise interference. Compared with current three-level T-type
inverter fault diagnosis systems [26], the proposed fault
diagnosis system only requires extracting single-phase line
voltage data for analysis, which reduces system operation
times. In addition to references from the literature, the pro-
posed fault diagnosis system covers normal operation and
fault occurrences in S_|, S;E, Spis S;“z, S S:z- There-
fore, this system can accurately distinguish all switch fault
types in three-level T-type inverters, thus demonstrating its
reliability.

V. THREE-LEVEL T-TYPE INVERTER

FAULT-TOLERANT CONTROL

Some applications require greater equipment reliability.
To maintain stable output voltages, thus increasing reliabil-
ity, fault tolerance functions are often included in systems
such as the three-level T-type inverter. Furthermore, during
the occurrence of switch faults, three-level inverters do not
require systems to operate under derating conditions.

Figure 13 displays the circuit framework of the fault-
tolerant control of the proposed system. Compared with
standard three-level inverters, the three-level T-type inverter
includes four additional TRIACs and three IGBTs. The cir-
cuit is connected by connecting three TRIAC semiconductor
switches over the fault-tolerant arm neutral point, namely
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FIGURE 12. Measured chaos trajectory maps of v, during the 12 of fault type.

TABLE 3. Recognition results of different switch faults using v, data when the inverter operated at 60 Hz.

Faul ype Fault correlation degree Recogaiion
Fo Fi b I Fy Fs Fs Fy Fs Fy Fuo Fu F2 result
Fo 0.8885| -0.25845| -0.28715| -0.33287| -0.28589| -0.13211| -0.17919( -0.14067) -0.07239( 0.244073| 0.770325| 0.037558| 0.389133| o
Fi -0.43636| 0.76351] 0.143866| -0.22121| -0.36718| -0.30387| -0.39185| 0.153027| -0.21123| -0.40484| -0.31359| -0.31039 -0.4298| Fi
b -0.50829| 0.18588| 0.90314) -0.34862| -0.27594| -0.41216| -0.48432| -0.02416| 0.233139| -0.52453| -0.38888| -0.48221| -0.46424| B
k -0.6351] -0.32831| -0.42675[ 0.8036( 0.021268| 0.176231| -0.10587| -0.64111) -0.52984| -0.55829| -0.59172| -0.48517| -0.64051| s
Fy -0.43446| -0.38661| -0.23042| 0.130874| 0.61004| -0.18657| 0.323037| -0.44159| -0.35392| -0.44238| -0.319%4| -0.36622| -0.40608| Fs
Fs -0.42033| -0.31113|  -0.451| 0.391671] -0.2159| 0.83132) 0.001369| -0.49996| -0.61658| -0.3243| -0.31399| -0.46941| -0.43625| Fs
Fs -0.37346] -0.43799] -0.45899| -0.04095| 0.379536| -0.08216] 0.56682| -0.31657 -0.48716| -0.32957| -0.27528| -0.38635| -0.36569| Fs
F -0.31942] 0.122075] -0.02361| -0.30523| -0.42261| -0.45135| -0.25462| 0.79653| -0.08088| -0.33147| -0.2889( -0.30921| -0.28984| F
Fs -0.25853| -0.18364| 0.419687| -0.4055| -0.28481| -0.52854 -0.40425| 0.032718] 0.70642| -0.32983| -0.34416| -0.26712| -0.23229| Fs
Fy 0.159621| -0.20403| -0.30811| -0.28365| -0.27734| -0.14806] -0.1123| -0.14616] -0.15349] 0.81378] 0.026733| 0.153548| 0.292923| o
Fio | 0.621836) -0.1737| -0.13907| -0.27947| -0.14721| -0.06666| -0.16976| -0.19129| -0.20851{ 0.240044| 0.7252 -0.11746| 0.581446] Fue
Fio [ 0.237728] -0.12113] -0.28517] -0.21551| -0.24314] -0.23312( -0.18445| -0.15541| -0.04332| 0.25527| 0.161381] 0.72555] 0.016398| Fu
Fi 0.16036] -0.24043| -0.23707| -0.32648| -0.2312| -0.17049| -0.14654| -0.09177| -0.08377| -0.00702{ 0.199214| 0.212345| 0.46304| Fn

T,, Tp, and T.. This implementation enables the system to during normal operation, thereby preventing the faulty arm

activate one TRIAC semiconductor switch during the occur- from interfering with the operation of the main circuit. Addi-
rence of a switch fault. In doing so, the faulty arm can be con- tionally, switches S;’[ and S, can conduct T; and the corre-
nected and remain separated from the fault-tolerant control sponding TRIAC semiconductor switch when faults occur in
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TABLE 4. Recognition results of different switch faults after adding a +5% deviation into the input data when the inverter operated at 60 Hz.

Fautt type | Deviation Fault correlation degree Recognition
Fo F F; Fa Fs Fs Fr Fz Fo Fuo i 2 result
o 5% 0.889272]  -0.268| -0.29827 -0.30599| -0.17227) -0.2478| -0.18455] -0.06252] 0.307574] 0.710135] 0.035862 0.518086 B
-% | 0.666274] -0.24643 7 -OOD"‘D -0.10045] -0.07298] -0.10533] 0.180604] 0.622434| 0.110972| 0.267922
R 5% -0.42834] 0.710953 -]“\9“— -0.38 -0.36252| 0.298458] -0.20662| -0.39996] -0.31004] -0.3228] -0.4087 B
-3% 0.827695 -0.1 3 -0.5837] -0.04231] -0.16622] -0.45044| -0.54103| -0.36711
) 5% 457 0. *10439 -0.39463 -0.48472] -0.41087) 0.097365) 0.258515] -0.48394| -0.33008] -0.41553 F
-5% -0.'—'8?1 0. 1"1"()9 0.828239] -0.34905 5] -0.40344| -0.47418] -0.02738] 0.3093 -(150 708 ) L
s 3% -0.60692| -0.25209| -0.4 t)t)*)h 0.501111 2] 0.047551] 0.148568| -0.52595] -0.61178| -0.51594] -0. -0.59854 E
-3% -0.65307 3414 0. *48091 0.080079) 0.173542| -0.23104] -0.6798] -0.5672| -0.55861 -0 67298
Fa 5% -0.44631] -0.40811 3 | 0.683795] -0.20602] 0.31354] -0.43309] -0.33936| -0.46034 F
-5% -0.50588| -0.3636] -0.2155 0.49849] -0.11856] 0.203255] -0.50739] -0.45073] -0.48806] -0.:
Fs 3% -0.40364| 0.888814 5 ]"\4 1] -0.26174] -0.33807] 0.200834) -0.2061] -0.36667 E
-3% 4] 0.6606784] 0.321365 -O.lht&— L. -0 33911 -0.57605] -0.12955] -0.16511] -0.42032
Fe 5% 74] 0.207698] 0.859049 . -0.44234) 0.070763] 0.29521] -0.50073 Fs
-5% -0.51062| 0.129405)  0.66669| -0.33988 ] 0“0?6 0.013376] 0.175326| -0.52227
F 3% -0.60735 ¢ 4 (.889061 / 0.284207 4886] -0.58071] -0.51997| -0.54282| -04 *&]"1 -O hlj_‘ / F
-5% -0.6534 0.66663[ 0.24279] 0.242898| - {8 _-0.72647) -0.56922] -0.56517] -1.0604| -0.51515] -0.6749%
Fs 5% -0.44032| -0.43 0.889012] -0.20333| 0. _‘*009 -0.42976] -0.34182] -0.45672 74 F
5% -0.49599| -0.386 0.666704) -0.11709] 0.175296| -0.50188)  -0.449] -0.48569 2
Fo 5% -0.41038| 0.7 _‘lful— 0.07 )_9“ : -0.26068| -0.34061] 0.323749] -0.23321] -0.37858[ -0.29325 R
-5% -0.46234| 0.707007 O““‘lﬂl -1, 33853 -0.54912] -0.01726] -0.18898] -0.4311 2 5
Fio 5% -0.4859 : -0.37118] -0. -0.45121] -0.45476] 0.050152) 0.197018] -0.51441f -0.3723] -0.45654 Fio
5% -0.53067 -0.32606 5] -0.40371] -0.51389] -0.10136) 0.260361| -0.53465] -0.40545] -0.50451] -0.50276
Fu 5% -0.61228| - 3| 0696494 0.059043[ 0.113921] 0.08596] -0.5661] -0.54915] -0.5407| -0.48648] -0.45805] -0.60353 Fiu
-5% -0.65792| - 0.748652| 0.136638| 0.238541] -0.29196| -0.71612| -0.55985| -0.56842) -1.01585] -0.51228) -0.67749
Fu 5% -0.40969| -0.40881 4 0.039601) 0.49809| -0.23197] 0.329801] -0.39889] -0.30159| -0.42645 /| -0.33315] -0.38427 i
-5% 046731 -0.3644] -0.17828] 0.230325] 0.463587] -0.14113] 0.195375| -0.47825) -0.41175] -0.4583 -0.39928] -0.42789
s, TL\ fault location. For example, if the fault location is in the
et Ty switch in the upper or lower arms (i.e., S ;’1 orS,,), the system
‘ < simultaneously deactivates the arms where the faults occurred
Ci+ Sg' S s L s 5] 5 (} while conducting 7y and T;, Fhereby connecting the fault-
-_ % 3 tolerant arm to the faulty location. Subsequently, the system
St Sy al 7.9 = ) transfers the pulse width modulation (PWM) control signal
v, L L e . of the faulty switch to the fault-tolerant switch (i.e., trans-
O - e A [ a ferring S| to S} and S, to S,), thereby completing the
S S L fault-tolerant control process. If faults occur in the middle
A+ 'tj i" tﬁ E?S ) s 71 s y arm, the system simultaneously deactivates the two switches
Gl “ - - - bridging over the neutral point (i.e., S _; and S ») and activates
T, to connect the fault-tolerant arm to the fault component.

FIGURE 13. Three-level T-type inverter fault-tolerant control circuit.

the switches that are situated in the upper and lower arms (i.e.,
St ] Or S, X represents a, b or c). Therefore, by transmit-
ting switch fault activation signals to switches S;’l' and §,,,
the two switches can function as a substitute for the faulty
switch, thereby performing fault-tolerant control. In addition,
the system adopts S; and SI as a substitute for the middle arm
during fault occurrences in the middle arm.

A. FAULT-TOLERANT CONTROL ANALYSIS

Figure 14 displays the fault-tolerant control process. After the
fault diagnosis system identifies the fault location, the sys-
tem conducts fault-tolerant control in accordance with the

VOLUME 8, 2020

Subsequently, the faulty PWM control signal of the faulty
switch is transmitted to the fault-tolerant switch (i.e., trans-
ferring S| to Sfl and S;“z to S;), thus completing the fault-
tolerant control process.

Figure 15 shows the fault-tolerant control process when
an open circuit fault occurs in S;‘l. First, the system turns-
off the switches in the faulty arm (S;’1 and S ,) and conducts
T, and T; to connect the faulty arm to the faulty component.
Subsequently, the PWM control signal of the faulty switch
is transmitted into the fault-tolerant switch (i.e., transferring
S;rl to S;{ and S, to S,,), thus completing the fault-tolerant
control process.

Figure 16 shows the process when an open switch fault
occurs in the middle arm (S, ). First, the system disables the
control signals of the two switches (S, and s;rz) that are
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FIGURE 15. Fault-tolerant control during an S;, open switch fault.

connected to the neutral point and conducts 7} to connect
the fault-tolerant arm to phase b. Subsequently, the system
transfers the PWM control signals of S;z and S, to the
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FIGURE 17. Fault-tolerant control during an S_, open switch fault.

fault-tolerant switch (i.e., transferring S b1 tO S: and S ;Lz toS;),
thereby completing the fault-tolerant control process. This
process enables the system to maintain normal operation and
keeps the quality of the power supply at acceptable levels.

Figure 17 shows the process when an open switch fault
occurs in S First, the system turns-off the switches on
the faulty arms (i.e., Sjl and S_,) and conducts 7T, and T;
to connect the faulty tolerant arm to phase c. Subsequently,
the system transfers the PWM control signal of the faulty
switches to the fault-tolerant switches (i.e., transferring S:r]
to S;’l' and S, to §,,), thereby completing the fault-tolerant
control process. This process enables the system to maintain
normal operation and keeps the quality of the power supply
at acceptable levels.

B. MEASUREMENT RESULTS FOR THE
FAULT-TOLERANT CONTROL
This study used switches S:l, S,1> and S, to the test fault-
tolerant control performance during fault occurrences. The
fault was set to occur at 0.04 s, and the fault-tolerant control
was set to activate at 0.12 s. Waveforms were observed to
verify the efficiency of the proposed fault-tolerant method.
Figure 18 illustrates the fault-tolerant control results dur-
ing an S:l open switch fault. Specifically, when the fault
occurred in S;rl at 0.04 s, the waveform of the line volt-
ages vgp and v, exhibited notable changes. These changes
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FIGURE 18. Measurement results for the fault-tolerant control during an
S}, open circuit fault.

Fault-tolerant
control activated
T

Occurrence of open

Normal operation S, switch fault

M mv, B @y
400V

= A ATy
=

i i

| I

w |
aw | |
TR

-300V VYT v VAR v RARVA I

-400V

0 20 40 60 80 100 120 140 160
Time(ms)

FIGURE 19. Measurement results for the fault-tolerant control during an
Spy open circuit fault.

persisted until 0.12 s, which was when the fault-tolerant
control was activated—where T, and T; were conducted
to connect the fault-tolerant arm to the faulty phase. The
PWM control signal of the faulty switch was subsequently
transferred to the fault-tolerant switch (i.e., the transfers of
S:{l to 5:1— and S, to §,,). After the completion of the
fault-tolerant control process, the output voltage waveforms
returned to normal, and the balance of the three phases was
maintained.

Figure 19 shows the measurement results for the fault-
tolerant controls when an S, open switch fault occurred. The
figure reveals that after the occurrence of a fault at S, at
0.04 s, the line voltage waveforms v, and vy exhibited con-
siderable change. This change persisted until 0.12 s, which
was when the fault-tolerant control was activated—where T}
was conducted, and the fault-tolerant arm was connected to
the faulty phase. The PWM control signals for S ;“2 and S,
were subsequently transferred to the fault-tolerant switches
(i.e., the transfers of §,; to S;{ and S;’z to S;). After the
completion of the fault-tolerant control process, the output
voltage waveform returned to normal, and the balance of the
three phases was maintained.
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FIGURE 20. Measurement results for the fault-tolerant control during an
S, open circuit fault.

Figure 20 displays the measurement results for the fault-
tolerant control when an S_, open switch fault occurred. The
figure reveals that after the occurrence of a fault at §_, at
0.04 s, the line voltage waveforms vy, and v, exhibited con-
siderable change. This change persisted until 0.12 s, which
was when the fault-tolerant control was activated—where T
and T; were conducted to connect the fault-tolerant arm to
the faulty phrase c. The PWM control signal of the faulty
switch was subsequently transferred, by the system, to the
fault-tolerant switch (i.e., the transfers of S:“l to SI and S,
to §,,). After the completion of the fault-tolerant control
process, the output voltage waveform returned to normal, and
the balance of the three phases was maintained.

VI. CONCLUSION

This study proposed an inverter fault diagnosis system that
combines chaos theory with extension theory. The system
identifies the location of faulty power transistors in three-
level T-type inverters. When provided with single-phase volt-
age data, the system can accurately detect the locations of
faulty switches. In addition, the fault diagnosis system does
not require the undergoing of a learning process. The system
consists of an internal fault tolerance function, thus lowering
the influence of noise signals. When faults occur in any of
the inverter’s switches, the proposed fault-tolerant control
strategy can immediately conduct fault-tolerant control using
three IGBTs and four externally installed TRIAC semicon-
ductor switches. This design enables the system to adjust
the inverter circuit framework and maintain a constantly bal-
anced three-phase voltage output, thereby greatly improving
the power supply reliability of three-level T-type inverters.
Finally, the measurement results revealed that the proposed
inverter fault diagnosis system can correctly diagnose fault
types, even under noise interference, as well as the location
of faulty switches. The system was determined to be able to
adopt fault diagnosis strategies to maintain consistent out-
put voltage amplitudes for fault occurrences at any switch,
thereby verifying the feasibility of the proposed fault-tolerant
control method.
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